A copper(I) catalyzed azide alkyne cycloaddition (CuAAC) reaction, combined with microcontact printing was employed successfully to pattern alkyne terminated self-assembled organic monolayer modified silicon surfaces. Despite the absence of a copper peak in X-ray photoelectron spectra (XPS), copper contamination was found and visualized using lightaddressable potentiometric sensors (LAPS) and scanning photo-induced impedance microscopy (SPIM) after the 'click' modified silicon surfaces were rinsed with hydrochloric acid (HCl) solution, which has been frequently used to remove copper residues in the past.
3 photolithography 12, 13, 16 and microcontact printing (µCP) 17, 18, 19, 20, 21, 22 . We have recently reported that photolithography not only introduces chemically bonded contaminants, but also decreases the coverage of the monolayers on silicon 23 . Meanwhile, we have also demonstrated that the strategy of combining µCP with 'click' chemistry on alkyne terminated surfaces is non-destructive and efficient.
Light-addressable potentiometric sensors (LAPS) and scanning photo-induced impedance microscopy (SPIM), both of which are based on photocurrent measurements at electrolyte /insulator /semiconductor (EIS) field-effect structures can be used to detect local surface electrical potentials 24 and impedance 25 , respectively. The EIS structure is biased towards depletion or inversion. An intensity modulated laser beam focused into the semiconductor generates electron-hole pairs, which separate in the depletion layer and cause a local photocurrent to flow through the structure. While LAPS measures local potential changes (e.g. caused by changes in the surface charge of the insulator) by recording the shift of the photocurrent-voltage (I-V) curve along the voltage axis, SPIM records changes in the maximum photocurrent while the EIS structure is biased towards inversion. Both techniques have been extensively applied for chemical ion sensing 26, 27, 28 , biosensing 29, 30, 31 , and the investigation of cell metabolism, extracellular potentials, cell surface charge and impedance 32, 33, 34 . Importantly, they have been reported to be highly sensitive to the surface contamination on self-assembled organic monolayers 23 . In this report, we employed LAPS and SPIM to study the copper(I) residue that remains on alkyne-terminated silicon surfaces following 'click' reactions , as well as the electrochemical properties of the functionalized organic monolayers. Firstly, the silicon on sapphire (SOS) sensor substrates were modified with 1,8nonadiyne self-assembled organic monolayers, serving as the insulator for LAPS and SPIM with high sensitivity 23 . The subsequent CuAAC 'click' reaction combined with µCP created a pattern with both 'clicked' areas and unreacted alkyne-terminated areas to allow 2D imaging of the electrical properties (surface charge and impedance) of 'click' modified surfaces with LAPS and SPIM.
Experimental section 2.1 Materials.
Silicon-on-sapphire (SOS) with a 1 μm thick silicon (100) (GC)) and dimethyl sulfoxide (DMSO, ≥ 99.5%). Dichloromethane (DCM) was redistilled prior to use for cleaning. 1,8-Nonadiyne (98%) was redistilled from sodium borohydride (99+%) and stored under argon 10, 35 . A Sylgard 184 poly(dimethyl siloxane) (PDMS) kit was purchased from Dow Corning. For photocurrent measurements and cyclic voltammetry, 10 mM phosphate buffer solution pH 7.4 containing 137 mM NaCl and 2.7 mM KCl was used. All solutions were prepared with ultrapure water (18.2 Ω⋅cm) from a three stage Millipore Milli-Q 185 water purification system (Millipore, USA). Argon was dried and purified through an oxygen/moisture trap (Agilent Technologies, USA).
Assembly of 1,8-nonadiyne monolayer.
Silicon-on-sapphire (SOS) wafers and double polished silicon wafers were cut into 7 mm × 7 mm pieces. In order to form an ohmic contact on SOS substrates for photocurrent measurements, 30 nm Cr and 150 nm Au were thermally evaporated onto one corner of the front-side silicon layer and subsequently heated to 300 °C for 5 min as previously reported 23, 24, 36 . The substrate was cleaned in a hot piranha solution (3:1 H 2 SO 4 (96%)/H 2 O 2 (30%), caution: highly corrosive) at 100 °C for 30 min and then rinsed copiously with ultrapure (Milli-Q) water. The assembly of the 1,8-nonadiyne monolayer followed a procedure reported previously 10, 23 . The cleaned SOS or silicon sample was transferred to a 2.5% HF solution and chemically etched for 90 s to obtain an H-terminated surface (caution: HF is highly corrosive). During the cleaning and etching time, the redistilled 1,8-nonadiyne was transferred into a Schlenk tube and was degassed by freeze-pump-thaw cycles until no gas bubbles evolved from the solution. Then the freshly prepared H-SOS or H-Si sample was transferred into the degassed 1,8-nonadiyne and left for 3 h at 165 °C under an argon stream.
After cooling to room temperature, the functionalized surface (surface 1, Scheme 1a) was then rinsed with copious amounts of redistilled DCM and blown dry with nitrogen. and 'click' reactions occurred exclusively in the contact area (surface 2: an array of chemical pattern, surface 2*: a homogeneous surface functionalized with azido-NH 2 by a flat featureless PDMS stamp). For ellipsometry measurements, the above surface modification was carried out on silicon substrates.
Microcontact printing (µCP) for 'click' chemistry.
The master and PDMS stamps were prepared following a previously reported protocol 22, 24, 37 .
The pattern of the PDMS stamp consisted of circular islands with a diameter of 100 µm and 40 µm gaps. Scheme 1b illustrates the process of 'click' chemistry on surface 1 using µCP.
The PDMS stamps were firstly treated in an oxygen plasma (pressure: 0.8 Torr, generator: 40 kHz/100 W) for 30 s to make the stamp surfaces hydrophilic. Then, they were immersed in the 'click' solutions for 30 min. Herein, three alternative 'click' solutions, displayed as solution A, B and C, were employed, consisting of (A) the azido-NH 2 (10 mM, ethanol/water 2:1), copper(II) sulfate pentahydrate (1.1 mol% relative to the azide), sodium ascorbate ( Then the samples were rinsed in either a 0.5 M hydrochloric acid solution for 2 min, or EDTA (0.05% w/v, pH 7.4) for 24 hours to remove the copper residue and rinsed with copious amounts of water. To characterize the "clicked" surface properly, chemically homogeneous surfaces (surface 2a*, 2b*, and 2c*) were also prepared using a flat featureless PDMS stamp following the same procedure. As control experiments, inks ('click' solutions A, B and C) without azide were printed on surface 1 using the same procedure in Scheme 1b, indicated as control surfaces a, b and c.
Surface characterization.
The water contact angle measurements were performed using a Drop Shape Analysis System (Krüss DSA100, Germany). 1 µL of ultrapure water was carefully deposited onto sample surface and three spots were measured on each sample and averaged. Cyclic voltammetry was performed in a 10 mM PBS solution (pH=7.4) described above using an Autolab PGSTAT30/FRA2 (Windsor Scientific Ltd., UK) with a three-electrode system including a platinum electrode as the counter electrode, an Ag/AgCl electrode as reference electrode, and a modified SOS substrate as the working electrode. The scan rate was 50 mV/s.
LAPS and SPIM setup.
The experimental setup for photocurrent measurements has been described elsewhere 23 .
LAPS measurements were carried out using a focused and electronically modulated diode laser LD1539 (Laser 2000, λ= 405 nm, max. 50 mW, focused spot diameter ~1 µm). The modulation frequency was 1 kHz for all photocurrent measurements. For each measurement, three repeats were performed. To obtain a good spatial resolution, the sensor chips used for LAPS measurements were all based on SOS substrates 38 .
Results and discussion

Assembly of 1,8-nonadiyne and 'click' functionalization by µCP.
1,8-Nonadiyne monolayers were characterized by water contact angle, ellipsometry and XPS.
As shown in Table 1 , a water contact angle of 86˚ which indicated a hydrophobic monolayer, and an ellipsometric thickness of 9.2 Å for an alkyne-terminated surface are comparable to literature results 14, 23, 35 . XPS spectra of the modified SOS surface (Figure 1a ) showed the presence of Si, C, and O, which is in good agreement with results published previously 3, 10, 35 .
The high-resolution narrow scans of XPS provide information on surface bonding. The C 1s narrow scan included a main C-C peak (~285 eV), and two small peaks from Si-C=C (~284 eV) and C-O (286.5 eV) ( Figure 1b ). The binding energies observed were consistent with the results reported elsewhere 10, 35 . The alkyne-terminated organic monolayers on silicon surfaces provide a platform for further functionalization via CuAAC 'click' chemistry. For 'click' conditions A, the water contact angle of the 'clicked' surface (surface 2a*) decreased to 56˚ (Table 1) due to the amino moieties, which is in agreement with previously reported values 14 . The ellipsometric result shows that after the 'click' reaction, the thickness of the monolayer increased to ~14.9 Å, which is comparable to the thickness of 15.3 Å determined from X-ray reflectivity (XRR) analysis 14 were assigned to C-NH 2 /N-N=N, and N-N=N, respectively. The ratio of the peaks areas is about 2.6:1, which is slightly smaller than the stoichiometric ratio of 3:1, but is consistent with literature results 14, 15 . The absence of a peak at 403 eV, which corresponds to the central electron-deficient nitrogen in the azido groups, showed that there was no physisorption of azide on the silicon surface. The narrow scan from the C 1s region (Fig 1d) was deconvoluted into three peaks assigned to Si-C=C (284.2 eV), C−C (285.3 eV) and C−N/−O (286.8 eV) 14, 15 . An increased ratio of C−N/−O to Si-C=C was due to the successfully bonded amino group on silicon surfaces. After 'click' modification, a copper peak at ~933 eV was only visible when the sample was not rinsed with either HCl or EDTA solutions (Figure 1a ). The narrow scan of Cu 2p3/2 could be fitted to only one peak at 933.2 eV which is consistent with copper(I) 10 . No copper peak was visible after rinsing with either reagent. Two alternative strategies for 'click' modification were verified with water contact angle and ellipsometry results ( Table 1 , entries 2b and 2c).
Copper residue visualized with LAPS and SPIM.
LAPS and SPIM have been validated to be very sensitive techniques to detect the properties of surface electrical potential and impedance, respectively, with spatial resolution. To ensure that no artefacts were introduced by the µCP, a control experiment with a blank PDMS stamp on a 1,8-nonadiyne modified SOS sample was carried out. Neither LAPS nor SPIM images showed any patterns confirming that the PDMS stamp did not leave any residue or damage the monolayer. Figure 2a shows To verify this, a control surface a was prepared by printing the copper catalyst without azide on the 1,8-nonadiyne modified surface following the procedure set out in Scheme 1b, and -86mV
of 0.8 V, also showed an increased photocurrent on modified spots compared to the blank 1,8-nonadiyne modified area (Figures 3a and b) . The I-V curves shifted by -23 ± 2 mV in the lower part, again indicating positive charge on the modified spots (Figure 3c) . Thus, the presence of a copper(I) residue on the surface after the 'click' reaction despite cleaning with hydrochloric acid solution was verified using LAPS and SPIM, although there was an absence of Cu 2p 3/2 emission at ~933 eV in the XPS spectra (Figure 1a ), demonstrating that LAPS and SPIM are highly sensitive in detecting the presence of copper ions. The copper(I) ion residue was also confirmed by a cyclic voltammogram obtained from the control surface a, which showed a peak at 0.24 V, corresponding to the oxidation of copper(I) on the surface 39 , while no peak was observed in the cyclic voltammogram measured on a blank 1,8nonadiyne modified surface (Figure 4 ). Integration of the oxidation peak yielded a surface concentration of 1.1×10 -11 mol/cm 2 . To investigate if a copper(I) residue was also found in 1,8-nonadiyne monolayers for 'click' reactions in organic solvents with subsequent cleaning with HCl solution, 'click' conditions using CuBr and TMEDA in DMSO, which have frequently been used to immobilize waterimmiscible molecules via 'click' reactions on alkyne-terminated surfaces 4, 5, 11, 15 , were tested and investigated with LAPS and SPIM. Figure 3d shows the SPIM image of control surface b after rinsing with HCl solution at a bias voltage of 0.8 V, which also displayed a greater -23mV
photocurrent on modified spots than the unmodified area of 1,8-nonadiyne (also see Figure   3e ), indicating a smaller impedance on modified spots and, hence, the presence of trapped copper ions in the monolayer, which enhanced its conductivity. The nature of the entrapment is not known. It is possible that copper(I) ions are chelated by the terminal alkyne group of the monolayer or that they penetrate deeper into the monolayer. The corresponding normalized I-V curves shifted by -27 ± 2 mV in the lower part for the modified area ( Figure   3f ), resulting from the positively charged copper ions, which was also comparable to the shift of -23 mV obtained from the previous control surface a after rinsing with HCl. 
Strategies for avoiding a copper(I) residue after click modification.
A residue of copper(I) ions in the monolayer following "click" modification is undesirable because it can interfere with the subsequent function of the device, as clearly demonstrated by the LAPS and SPIM measurements presented above, and because copper ions could adversely affect biological systems. Several strategies were investigated to avoid copper contamination of the monolayer. It was hypothesized that if a stable, bulky copper(I) complex with a large counter ion was employed as the catalyst, it might prevent copper from entering the monolayer. Therefore tetrakis(acetonitrile) copper(I) hexafluorophosphate was combined with the bulky ligand tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl] (TBTA) 40, 41, 42 Another common method used for removing copper after a 'click' reaction has been rinsing the surface with a 0.05% w/v EDTA solution (pH=7.4) for 24 hours 35, 43, 44 . It is noteworthy that both HCl and trifluoroacetic acid (TFA) were used to adjust the pH of the tetrasodium salt of EDTA solution to be 7.4 in our study, abbreviated as EDTA/HCl and EDTA/TFA solutions below. Figure 5a shows the LAPS image of control surface a following rinsing with EDTA/HCl at a bias voltage of 0.5 V. The corresponding I-V curves displayed no maximum photocurrent difference (Figure 5b ), but again a small voltage shift of -10 ± 1 mV in the lower part between modified spots and the blank 1,8-nonadiyne modified area (Figure 5c) indicates that whilst more copper has been removed compared to the cleaning method with aqueous HCl solution, there is still residual copper in the monolayer. This result also reveals that the photocurrent measurements are more sensitive in detecting surface charges than impedance. The LAPS and SPIM results observed after rinsing the control surface with an EDTA solution obtained by adjusting the pH of a solution of the disodium salt of EDTA to 7.4 with sodium hydroxide were similar to those after rinsing with EDTA/HCl.
In contrast, no pattern was observed in the SPIM image at 0.8 V (Figure 5d ) and the LAPS image at 0.5 V (Figure 5e ) of the control surface after rinsing in EDTA/TFA solution for 24
hours. Thus, rinsing samples after a 'click' reaction with an EDTA/TFA solution is clearly more effective in removing copper residues than an EDTA/HCl solution or an EDTA solution without HCl. We assume that the presence of trifluoroacetate ions in the EDTA solution is and (c) normalized curves.
Conclusions
In this study, we have shown that HCl is not effective in removing the copper residue after 'click' reactions on alkyne-terminated self-assembled organic monolayers on silicon surfaces, which, although not detectable by XPS, was characterized successfully by LAPS and SPIM. 
